Abstract Apolipoprotein E (apoE) enters the plasma as a component of discoidal HDL and is subsequently incorporated into spherical HDL, most of which contain apoE as the sole apolipoprotein. This study investigates the regulation, origins, and structure of spherical, apoE-containing HDLs and their remodeling by cholesteryl ester transfer protein (CETP). When the ability of discoidal reconstituted high density lipoprotein (rHDL) containing apoE2
The HDLs in human plasma have been classified on the basis of their two main apolipoproteins, apolipoprotein A-I (apoA-I) and apoA-II, into two major subpopulations of particles: those that contain apoA-I without apoA-II, and those that contain both apoA-I and apoA-II (1). These subpopulations have been the subject of intense investigation for many years, and their structure, function, and metabolism are well understood. However, up to 10% of the HDLs in human plasma contain neither apoA-I nor apoA-II but have apoE as their main apolipoprotein constituent (2) (3) (4) . Despite the fact that z75% of the apoE in normal human plasma is associated with HDL (5) and that the antiatherogenic properties of this apolipoprotein are well documented, remarkably little is known about the structure, origins, or metabolism of apoE-containing HDLs. This paper addresses these issues.
ApoE is a 34.2 kDa, 299 residue protein that consists of a 22 kDa N-terminal receptor binding domain and a 10 kDa C-terminal lipid binding domain (6) . Three apoE isoforms with cysteine/arginine interchanges at positions 112 and 158 have been identified in human plasma (7, 8) . Whereas apoE2 and apoE4 have cysteine and arginine residues at both of these positions, apoE3 has a cysteine residue at position 112 and arginine at position 158.
ApoE is synthesized in the liver and enters the plasma predominantly as a component of discoidal HDL (9) . Once in the plasma, apoE is rapidly incorporated into spherical HDL (diameter, 9.0-18.5 nm) (2) . When HDLs from normolipidemic plasma are subjected to two-dimensional gel electrophoresis (agarose gel electrophoresis followed by nondenaturing polyacrylamide gradient gel electrophoresis), almost no apoA-I or apoA-II comigrates with apoE (2) (3) (4) . This suggests that most apoE-containing HDLs do not contain either apoA-I or apoA-II. Other investigators have reached the same conclusion using techniques such as gel filtration chromatography and isotachophoresis (5, 10) .
To investigate the structure, origins, and metabolism of apoE-containing spherical HDL, it is important to have access to substantial amounts of discoidal and spherical particles that are uniform in size and composition and contain apoE as the sole apolipoprotein. As it is not possible to isolate sufficient amounts of these HDLs from plasma, well-characterized preparations of discoidal and spherical reconstituted high density lipoprotein (rHDL) containing recombinant apoE2 [(E2)rHDL], apoE3 [(E3)rHDL], or apoE4 [(E4)rHDL] as the sole apolipoprotein were used for the current project.
The results show that LCAT converts discoidal (E2)rHDL, (E3)rHDL, and (E4)rHDL into spherical particles that are structurally distinct from each other, as well as from spherical rHDL containing apoA-I [(A-I)rHDL]. They also establish that cholesteryl ester transfer protein (CETP) remodels apoE-containing spherical rHDL into large fusion products without the dissociation of apoE. This is in direct contrast with the CETP-mediated remodeling of spherical (A-I)rHDL, in which small particles are generated in a process that is accompanied by the dissociation of lipid-free or lipid-poor apoA-I.
EXPERIMENTAL PROCEDURES

Isolation of apoA-I, LCAT, and CETP
ApoA-I, LCAT, and CETP were isolated from pooled samples of expired, autologously donated human plasma (Gribbles Pathology, Adelaide, Australia) as described (11) . The apoA-I was judged to be .95% pure when subjected to SDS-PAGE (PhastGel; Amersham Pharmacia Biotech) and staining with Coomassie Blue R-350.
LCAT activity was assessed using discoidal rHDL containing POPC (Sigma), unesterified cholesterol (UC) (Sigma), a tracer amount of [1a,2a- 3 3 to ultracentrifugally isolated LDL (13, 14) . The assay was linear as long as ,30% of the [ 3 H]CE transferred from the HDL 3 to LDL. The activities of the CETP preparations used in this study ranged from 48 to 59 U/ml, where 1 unit is the transfer activity of 1 ml of a preparation of pooled, human lipoprotein-deficient plasma.
Expression and purification of apoE2, apoE3, and apoE4
Vectors containing human apoE2, apoE3, and apoE4 cDNA were kindly provided by Dr. Karl Weisgraber (Gladstone Institute of Cardiovascular Disease, University of California, San Francisco, CA). ApoE2, apoE3, and apoE4 were expressed from Escherichia coli strain BL21-CodonPlusT (Stratagene, La Jolla, CA) as described (15, 16) . The expressed proteins were chromatographed on Sephacryl S-300 (Amersham Pharmacia Biotech) and appeared as single bands when subjected to SDS-PAGE and silver staining.
Preparation of discoidal and spherical (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL
Discoidal rHDLs containing POPC, UC, and apoE2, apoE3, apoE4, or apoA-I were prepared by the cholate dialysis method and converted into spherical rHDLs by incubation with LDL and LCAT (16, 17) . Under these conditions, ,10% of the LDL phospholipids transferred to the rHDL (18) . The spherical rHDLs were isolated by ultracentrifugation in the 1.07 , d , 1.21 g/ml density range. Unless stated otherwise, the discoidal and spherical rHDLs were dialyzed against 3 3 1 liter of 0.01 M TBS (pH 7.4) containing 0.15 M NaCl, 0.005% (w/v) EDTA-Na 2 , and 0.006% (w/v) NaN 3 before use.
Size-exclusion chromatography
Discoidal (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL (200 mg of apolipoprotein in 200 ml of TBS) were loaded individually onto a Superose 6 column (Amersham Pharmacia Biotech) and eluted with TBS at a flow rate of 0.5 ml/min. The absorbance of the eluate was monitored continuously at 280 nm. Protein standards of known diameter were also applied to the column and eluted under conditions identical to those used for the discoidal rHDL.
Kinetic studies
Varying concentrations of [
3 H]UC-labeled discoidal rHDLs were mixed with BSA and b-mercaptoethanol, then incubated with a constant amount of LCAT (see figure legends for details). When the incubations were complete, the tubes were placed immediately on ice. UC was precipitated with digitonin (12) , and the supernatants were counted in a Beckman LS 6000TA liquid scintillation counter (Beckman Instruments, Fullerton, CA). The kinetic parameters V max and K m (app) were determined by nonlinear regression analysis (GraphPad Prism; GraphPad Software) using the Michaelis-Menten equation:
where V is the rate of cholesterol esterification and [S] is the concentration of substrate. This analysis was based on the assumption that 1 mol of CE is generated per mole of UC esterified.
Structural characterization of spherical rHDLs
Phospholipid acyl chain and head group packing order was determined as the steady-state fluorescence polarization of spherical rHDLs labeled with 1,6-diphenyl-1,3,5-hexatriene (DPH) or 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH), respectively (19) . As the rHDL preparations were comparable in terms of phospholipid composition, variations in the partitioning of the DPH and TMA-DPH reflect structural, rather than compositional, differences between the rHDLs. Spherical rHDLs labeled with 6-propionyl-2-(dimethylamino)-naphthalene (PRODAN) were used to assess lipid-water interfacial hydration (19) . Uncorrected fluorescence emission spectra of PRODAN-labeled rHDLs were recorded from 390 to 600 nm (excitation wavelength, 366 nm) using excitation and emission band passes of 5 and 6 nm, respectively. Polarization values and emission spectra were determined at 58C intervals from 58C to 508C. In all cases, the rHDL phospholipid/ probe molar ratio was 500:1. The final phospholipid concentration was 0.5 mM.
Apolipoprotein denaturation studies
Lipid-free apolipoproteins and spherical rHDLs were dialyzed against 0.01 M Tris, pH 7.4, and adjusted to 30 mg/ml protein.
The samples were incubated at 258C for 24 h with 0-6 M guanidine hydrochloride (Gdn-HCl; MP Biomedicals, Irvine, CA). Wavelengths of maximum fluorescence were determined from 300-380 nm emission scans using an excitation wavelength of 295 nm and excitation and emission band passes of 5 and 7 nm, respectively.
Apolipoprotein unfolding was determined as the fraction unfolded:
where l folded and l unfolded represent the wavelength of maximum fluorescence of the apolipoprotein in the folded and unfolded states, and l is the wavelength of maximum fluorescence in the transition between the folded and unfolded states. The N-and Cterminal domains of apoE2, apoE3, and apoE4 were treated independently. The unfolding of apoA-I was regarded as a single process. The concentration of Gdn-HCl required to achieve 50% unfolding was determined from a variable-slope, sigmoidal curve (GraphPad):
where l folded and l unfolded are defined as above, Y is the wavelength of maximum fluorescence for a given concentration of Gdn-HCl, X is the concentration of Gdn-HCl, and h is the Hill coefficient.
Cross-linking
ApoE2, apoE3, and apoE4 in the lipid-free form, and in spherical rHDLs, were dialyzed against 0.017 M Na 2 HPO 4 , 0.003 M NaH 2 PO 4 , 150 mM NaCl, 0.01% (w/v) EDTA-Na 2 , and 0.02% (w/v) NaN 3 , pH 7.5 (PBS), and adjusted to 0.5 mg/ml protein. 
Other techniques
Electrophoresis on 3/40 nondenaturing gradient gels was used to determine rHDL size (20) . Phospholipid, triglyceride (TG), and UC concentrations were determined enzymatically (21) (22) (23) . A Roche Diagnostics Kit was used to determine total cholesterol concentrations. CE concentrations were calculated as the difference between total cholesterol and UC concentrations. Protein concentrations were determined by the bicinchoninic acid assay (24) . All assays were carried out on a Hitachi 902 automatic analyzer (Roche Diagnostics GmbH, Mannheim, Germany). Samples for immunoblotting were electrophoresed on 3/40 nondenaturing gradient gels and transferred electrophoretically to nitrocellulose membranes. The membranes were immunoblotted with appropriate antibodies and visualized by enhanced chemiluminescence (Amersham Biosciences, Uppsala, Sweden).
Statistical analyses
Two-way ANOVA (GraphPad) was used to determine whether differences between data sets were significant. Two-way ANOVA with Bonferroni posttests was used to compare the PRODAN data sets. In all cases, significance was set at P , 0.05.
RESULTS
Characterization of discoidal rHDLs
Discoidal (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I) rHDL were prepared by the cholate dialysis method (17) . The POPC/UC/apolipoprotein molar ratios of the resulting preparations ranged from 114.7:12. Regulation of rHDL structure and remodeling by apoEcation and kinetic parameters were determined as described in Experimental Procedures. V max for (A-I)rHDL was 15.92 6 0.91 nmol CE formed/ml LCAT/h, compared with 1.11 6 0.10, 1.12 6 0.14, and 0.72 6 0.06 nmol CE formed/ml LCAT/h for (E2)rHDL, (E3)rHDL, and (E4)rHDL, respectively [P , 0.0001 for (A-I)rHDL vs. (E2)rHDL, (E3)rHDL, and (E4)rHDL] (Fig. 2, Table 1 ). As judged by the K m (app) values, LCAT had a greater affinity for the discoidal (A-I)rHDL than for any of the apoEcontaining rHDLs. The catalytic efficiency [V max /K m (app)] of the LCAT reaction was 50-to 150-fold greater for the discoidal (A-I)rHDL than for any of the apoE-containing rHDLs. Double reciprocal plots of the rate of cholesterol esterification versus substrate concentration were linear (Fig. 2, insets) .
Physical characterization of spherical rHDLs
The discoidal (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL were converted into spherical rHDLs by incubation with LDL and LCAT. Most of the spherical (A-I) rHDL was 9.8 nm in diameter (Fig. 3) . The spherical (E2)rHDL, (E3)rHDL, and (E4)rHDL, which were comparable to the spherical (A-I)rHDL in terms of composition, were 11.3-11.5 nm in diameter.
One explanation for the larger size of the apoEcontaining spherical rHDLs is that they contained more apolipoprotein molecules per particle than the spherical (A-I)rHDL. An attempt to address this question was made by incubating the rHDLs with the bifunctional crosslinking agent bis(sulfosuccinimidyl)suberate (25, 26) . These results confirmed that the spherical (A-I)rHDL contained three apoA-I molecules per particle (data not shown) CE, cholesteryl ester; (E2)rHDL, reconstituted high density lipoprotein containing recombinant apolipoprotein E2; rHDL, reconstituted high density lipoprotein. Discoidal (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL were incubated with LCAT, as described in the legend to Fig. 2 . Kinetic parameters were determined by nonlinear regression analysis of the rate of cholesterol esterification versus the concentration of substrate, as described in Experimental Procedures. (25, 26) . The apolipoproteins in the spherical (E2)rHDL, (E3)rHDL, and (E4)rHDL were not cross-linked by bis(sulfosuccinimidyl)suberate (data not shown). This problem was circumvented by incubating the spherical (E2)rHDL, (E3)rHDL, and (E4)rHDL, as well as lipid-free apoE2, apoE3, and apoE4, with Sulfo-EGS, a cross-linker that has a longer spacer arm than bis(sulfosuccinimidyl)suberate. When these samples were subjected to SDS-PAGE, dimers, trimers, and tetramers were apparent in the lipid-free apoE2 and apoE3 incubations (Fig. 4) . Only dimers and trimers were generated in the incubation that contained lipid-free apoE4. The cross-linked spherical (E2)rHDL, (E3)rHDL, and (E4)rHDL comigrated with trimeric, lipid-free apoE, indicating that these preparations all contained three apoE molecules per particle. This result indicates that the difference in size between the spherical, apoE-containing rHDLs and the spherical (A-I)rHDL may reflect the strikingly different abilities of the apolipoproteins to limit the curvature of a lipid-water interface. As was the case with lipid-free apoE4, the spherical (E4)rHDL was cross-linked less efficiently than either the spherical (E2)rHDL or the spherical (E3)rHDL.
Structural characterization of spherical rHDLs
Phospholipid acyl chain and head group packing order was assessed as the steady-state fluorescence polarization of rHDL labeled with DPH and TMA-DPH, respectively (Fig. 5) . The polarization of the DPH-labeled spherical (A-I)rHDL (closed circles) was decreased relative to spherical (E2)rHDL (closed triangles), spherical (E3)rHDL (closed squares), and spherical (E4)rHDL (open circles) [P , 0.0001 for (A-I)rHDL vs. (E2)rHDL, (E3)rHDL, and (E4)rHDL]. This indicates that the phospholipid acyl chains in spherical (A-I)rHDL are less ordered than those in apoE-containing rHDLs.
The polarization studies also established that apoE isoforms regulate spherical rHDL phospholipid acyl chain and head group packing order. Both the acyl chains and head groups in the (E3)rHDL were less ordered than in either the (E2)rHDL or the (E4)rHDL [P , 0.0001 for (E2)rHDL vs. (E3)rHDL and (E4)rHDL and for (E3)rHDL vs. (E4)rHDL for the DPH-labeled rHDL; P , 0.0001 for (E3)rHDL vs. (E2)rHDL and (E4)rHDL for the TMA-DPH-labeled rHDL]. This is consistent with what has been reported previously (16) . The (A-I)rHDL (data not shown), (E2)rHDL, and (E4)rHDL TMA-DPH polarization values were comparable.
The wavelengths of maximum fluorescence of the PRODAN-labeled rHDL were comparable at 5-108C. From 108C to 358C, the surface hydration of the (E2)rHDL (closed triangles), (E4)rHDL (open circles), and (A-I)rHDL (closed Fig. 3 . Physical properties of spherical rHDLs. Discoidal (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL were incubated at 378C for 24 h with LDL and LCAT. The resulting spherical rHDLs were isolated by ultracentrifugation, electrophoresed on a nondenaturing 3/40 polyacrylamide gradient gel, stained with Coomassie Blue, and scanned with a laser densitometer. Particle diameters were determined by reference to high molecular weight standards. Stoichiometries were calculated from triplicate determinations of the concentrations of individual constituents. PL, phospholipid. Fig. 4 . Cross-linking of apoE2, apoE3, and apoE4 in the lipid-free form and in spherical rHDLs. Lipid-free and lipid-associated apoE2, apoE3, and apoE4 were cross-linked with sulfo-ethylene glycol bis[sulfosuccinimidylsuccinate] and subjected to SDS-polyacrylamide gradient gel electrophoresis, as described in Experimental Procedures. A scan of the Coomassie Blue-stained gradient gel is shown.
Regulation of rHDL structure and remodeling by apoE Denaturation of apoE2, apoE3, apoE4, and apoA-I in the lipid-free form and in spherical rHDLs
When full-length lipid-free apoE2 (Fig. 6A , closed circles), apoE3 (Fig. 6B, closed circles) , and apoE4 (Fig. 6C , closed circles) were incubated with Gdn-HCl, their N-and C-terminal domains unfolded independently. This is consistent with what has been reported elsewhere (27) . The midpoints for the unfolding of the C-and N-terminal domains of apoE2 were 0.80 6 0.09 and 2.45 6 0.09 M Gdn-HCl, respectively ( Table 2) , with a plateau at 1.5 M Gdn-HCl. For lipid-free apoE3, the respective midpoints of unfolding of the C-and N-terminal domains were 0.84 6 0.07 and 2.34 6 0.28 M Gdn-HCl. A plateau, which was less pronounced than for lipid-free apoE2, was apparent at 1.6 M Gdn-HCl. In the case of lipid-free apoE4, the Cand N-terminal domains unfolded in a noncooperative manner, with a shoulder, rather than a distinct plateau, at 2.2-2.4 M Gdn-HCl. As the unfolding of the C-and † P , 0.0001 for (E2)rHDL versus (E3)rHDL and (E4)rHDL; § P , 0.0001 for (E3)rHDL versus (E4)rHDL. For TMA-DPH, * P , 0.0001 for (E3)rHDL versus (E2)rHDL and (E4)rHDL. For PRODAN, * P , 0.0001 for (E3)rHDL versus (E2)rHDL, (E4)rHDL, and (A-I)rHDL; † P , 0.001 for (E3)rHDL versus (A-I)rHDL; § P , 0.0005 for (E3)rHDL versus (E2)rHDL and (E4)rHDL; ‡ P , 0.0001 for (E3)rHDL versus (A-I)rHDL. N-terminal domains of apoE4 overlapped, the midpoints of unfolding were not determined. The unfolding of lipidfree apoA-I (Fig. 6D, closed circles) was monophasic and essentially complete at 1.5 M Gdn-HCl. This is consistent with what has been reported previously (11) .
Higher concentrations of Gdn-HCl were required to unfold the apolipoproteins when they were incorporated into spherical rHDLs (Fig. 6, open circles) . The midpoints for the unfolding of the two domains of lipid-associated apoE2 were 1.03 6 0.19 and 3.39 6 0.54 M Gdn-HCl (Fig. 6A) , compared with 1.85 6 0.13 and 3.89 6 0.18 M Gdn-HCl for lipid-associated apoE3 (Fig. 6B, Table 2 ). The midpoints for the unfolding of the two domains of lipidassociated apoE4 were 2.00 6 0.21 and 5.44 6 0.10 M GdnHCl, with a distinct plateau at 3.8 M Gdn-HCl (Fig. 6C) . The midpoint of unfolding of lipid-associated apoA-I was 3.7 6 0.1 M Gdn-HCl (Fig. 6D) .
Remodeling of spherical rHDLs by CETP
Previous studies from this laboratory have established that incubation with CETP and IntralipidT remodels spherical (A-I)rHDL into small, core lipid-depleted particles in a process that generates lipid-free or lipid-poor apoA-I (26) .
To determine whether this was also the case for spherical (E2)rHDL, (E3)rHDL, and (E4)rHDL, incubations were carried out with IntralipidT in the presence and absence of CETP. Incubation with IntralipidT alone did not alter the composition of the (E2)rHDL, (E3)rHDL, or (E4)rHDL ( Table 3 ). The small amount of TG in these samples probably reflects a minor carryover of IntralipidT into the rHDL fraction rather than a spontaneous transfer of TG from IntralipidT to the rHDL (26) . When CETP was included in the incubations, the rHDLs were all progressively depleted of CE and enriched with TG. The phospholipid-apolipoprotein molar ratio of the spherical (A-I)rHDL, but not the spherical (E2)rHDL, (E3)rHDL, or (E4)rHDL, also increased. Immunoblot analysis of the spherical (A-I)rHDL incubation mixtures established that the increased phospholipid/apoA-I molar ratio was attributable to dissociation of apoA-I from the particles (data not shown). This is consistent with what has been reported previously (26) . Immunoblot analysis of the (E2) rHDL, (E3)rHDL, and (E4)rHDL incubation mixtures established that CETP did not mediate the dissociation of apoE (data not shown).
There were also major differences between the apoEcontaining rHDLs and the (A-I)rHDL in terms of particle remodeling (Fig. 7) . Whereas incubation with CETP and IntralipidT converted most of the spherical (A-I)rHDL into small particles (diameter, 8.0 nm), the spherical (E2) rHDL, (E3)rHDL, and (E4)rHDL increased in size. To determine whether this observation could be explained in terms of core lipid transfers, the molar ratios of CE/ apolipoprotein (closed circles), TG/apolipoprotein (open circles), and total core lipids, CE 1 TG/apolipoprotein (closed triangles), were plotted as a function of incubation time (Fig. 8) . This established that all of the rHDLs were depleted of core lipids to the same extent. Therefore, it was concluded that the increase in (E2)rHDL, (E3)rHDL, and (E4)rHDL size could not be explained in terms of core lipid transfers.
This raised the possibility that incubation with CETP may have mediated the fusion of the apoE-containing spherical rHDLs to generate large conversion products that contained six molecules of apoE per particle. To determine whether this was the case, an unsuccessful attempt was made to cross-link the large conversion products with Sulfo-EGS. It should be noted that, even if this approach had succeeded, the results would have been equivocal because lipid-free apoE, which is used as a standard in these experiments, does not cross-link beyond a tetramer (Fig. 4) .
Therefore, an alternative strategy was used to determine whether particle fusion was responsible for the increase in (E2)rHDL, (E3)rHDL, and (E4)rHDL size. The Stokes' diameters in Fig. 7 were used to calculate the surface areas of the rHDLs that had been incubated for 24 h in the presence and absence of CETP. The stoichiometries in Table 3 were then used to calculate the total area occupied by the individual constituents on the surface of these particles. These calculations were based on three assumptions: i) the large, apoE-containing rHDLs are fusion products with six apoE molecules per particle; ii) the average area of each amino acid residue is 0.15 nm 2 (28); and iii) after taking into account movement within the lateral plane of the lipoprotein surface as well as surface irregu- ApoE2, apoE3, and apoE4 in the lipid-free form and in spherical rHDLs were incubated at 258C for 24 h with 0.0-6.0 M Gdn-HCl. [Gdn-HCl] 1/2 values (the concentration of Gdn-HCl required to achieve 50% unfolding of apoE) were calculated as described in Experimental Procedures. All values represent means 6 SEM (n $ 3). n.d., not determined.
larities, the average solvent-accessible surface area of a phospholipid molecule is 1.27 nm 2 (29) . The "observed" surface areas that were determined from the Stokes' diameters were then compared with the "calculated" values obtained from the stoichiometries. The results are presented in Table 4 .
This approach was validated for spherical (A-I)rHDL, for which cross-linking has been used to establish that the decrease in particle size that occurs during incubation with CETP and IntralipidT is accompanied by a reduction in the number of apoA-I molecules from three to two per particle (26) . As there was close agreement between the two approaches for all of the rHDLs, it was concluded that particle fusion is the most likely explanation for the increase in spherical (E2)rHDL, (E3)rHDL, and (E4)rHDL size.
DISCUSSION
Approximately 75% of the apoE in normolipidemic plasma is associated with spherical HDLs that are 9.0-18.5 nm in diameter and do not contain apoA-I (2-5). Despite the fact that such particles account for as much as 10% of the total HDL fraction, remarkably little is known about their origin, structure, and metabolism. These issues have been addressed in this report, which shows for the first time that i) LCAT converts discoidal (E2)rHDL, (E3) rHDL, and (E4)rHDL into intermediate-sized spherical rHDLs (diameter, 11.3-11.5 nm), which are structurally distinct from each other as well as from spherical (A-I) rHDL, and ii) CETP remodels these intermediate-sized apoE-containing spherical rHDLs into large fusion products (diameter, 13.2-15.1 nm) without mediating the dissociation of apoE.
The results also show that apoE activates LCAT less effectively than apoA-I. This is in agreement with an earlier study, which established that LCAT has a lower affinity for discoidal rHDLs that contain apoE of unknown genotype than for discoidal (A-I)rHDL (30) . The results of that study also established that the rate of cholesterol esterification in discoidal (A-I)rHDL was approximately double that in apoE-containing discoidal rHDLs. Although the same general trends were observed in this report, we found that cholesterol was esterified 15-20 times more rapidly in the discoidal (A-I)rHDL than in the apoE-containing discoidal rHDLs (Table 1) . This discrepancy may be related to the different phospholipid contents of the discoidal rHDLs. Although the discs in the current study contained POPC, the discs in the earlier report were prepared with egg phosphatidylcholine, which comprises a mixture of phospholi- CETP, cholesteryl ester transfer protein; PL, phospholipid; TG, triglyceride; UC, unesterified cholesterol. Spherical (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL were mixed with IntralipidT and incubated for 0-24 h in the presence or absence of CETP. The final rHDL CE and IntralipidT TG concentrations were 0.1 and 4.0 mM/l, respectively. The samples without CETP were either maintained at 48C or incubated at 378C for 24 h. The samples that contained CETP (final activity, 2.7 U/ml) were incubated at 378C for 1, 3, 6, 12, or 24 h. The final volume of the incubation mixtures was 2.0 ml. After incubation, the rHDLs were isolated by ultracentrifugation (1.07 , d , 1.21 g/ml) and their composition was determined as described in Experimental Procedures. All concentrations were measured in triplicate. The values varied by ,10%.
pids with acyl chains of varying length and unsaturation that do not access the active site of LCAT equally well (31, 32) . It should also be noted that the kinetic parameters in this study were derived by nonlinear regression analysis, whereas the values in the earlier study were calculated manually from Lineweaver-Burk plots.
The results presented here also established that the isoforms of apoE do not all activate LCAT equally well. The possibility that these results are a reflection of variations in the size of the discoidal, apoE-containing rHDLs is excluded by the results in Fig. 1 . Therefore, the lower V max and catalytic efficiency for the discoidal (E4)rHDL, relative to the discoidal (E2)rHDL and (E3)rHDL, may be a reflection of the discoidal (E4)rHDL phospholipid acyl chains not being able to access the active site of LCAT as readily as the less ordered acyl chains in the discoidal (E2)rHDL and (E3)rHDL (Fig. 5) . This is also consistent with an earlier report showing that the activation energy of the LCAT reaction increases as the substrate phospholipid acyl chains become more ordered and motionally restricted (32) .
The finding that the phospholipid head groups and acyl chains in spherical (E3)rHDL are less ordered than in either (E2)rHDL or (E4)rHDL is also noteworthy. This is most likely caused by the reduced surface hydration of the spherical (E3)rHDL, enabling the apoE3 a-helical regions to penetrate farther into the rHDL surface. The additional finding that the phospholipid acyl chains in apoE-containing spherical rHDLs are more ordered than in spherical (A-I)rHDL probably reflects the reduced surface curvature of the larger apoE-containing rHDLs. This is consistent with NMR data, which show that phospholipid acyl chain packing order increases with decreasing lipid-water interfacial curvature (33) .
Previous work from this and other laboratories have shown that association with lipid enhances the stability of apoA-I (11, 34) . Our results establish that this is also the case for apoE (Fig. 6, Table 2 ). It is noteworthy that association with lipid markedly increased the cooperativity of the unfolding of the domains of apoE4. Although the underlying reason for this increase is not entirely clear, it Fig. 7 . Remodeling of spherical rHDLs by CETP and IntralipidT: changes in particle size. Spherical (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL were mixed with IntralipidT and incubated in the presence or absence of CETP, as described in the legend to Table 3 . When the incubations were complete, the rHDLs were isolated by ultracentrifugation and electrophoresed on nondenaturing polyacrylamide gradient gels. Laser densitometric scans of Coomassie Blue-stained gels are shown.
suggests that association with lipid may alter the molten globule structure, and possibly the domain interactions, of apoE4. This finding has obvious implications for the role of apoE4 in neurodegeneration, in which the molten globule is involved in a number of key processes, such as amyloid fibril formation and the development of Alzheimer's disease (35, 36) .
The results presented in this report may also be relevant to cholesterol transport in the central nervous system, where apoE-containing rHDLs, rather than (A-I)rHDL, are important for regulating cholesterol transport. In the brain, apoE is secreted as a component of discoidal rHDLs from astrocytes and microglia (37, 38) . As is the case in plasma, these discs are most likely converted by LCAT into spherical particles that play a key role in maintaining cholesterol homeostasis in the brain.
One of the most unexpected observations to emerge from this study is that apoE-containing spherical rHDLs increase in size when they interact with CETP. Although this observation appears to be at odds with the presence of large, apoE-containing rHDLs in the plasma of subjects who are deficient in CETP or in whom the activity of CETP is pharmacologically inhibited, it is important to note that the large rHDLs in those individuals are generated as a consequence of CE accumulating in the particle core (39, 40) . By contrast, the large apoE-containing rHDLs in this Fig. 8 . Remodeling of spherical rHDLs by CETP and IntralipidT: core lipid transfers. Spherical (E2)rHDL, (E3) rHDL, (E4)rHDL, and (A-I)rHDL were incubated with CETP and IntralipidT, as described in the legend to Table  3 . CE/apolipoprotein (closed circles), triglyceride (TG)/ apolipoprotein (open circles), and CE 1 TG/apolipoprotein (closed triangles) molar ratios are shown. Observed surface areas for spherical (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL were determined from the Stokes' diameters in Fig. 7 . The stoichiometries in Table 3 were used to determine calculated surface areas, assuming that incubation of spherical (E2)rHDL, (E3)rHDL, and (E4)rHDL with CETP and IntralipidT generates a fusion product with six apoE molecules per particle. Cross-linking with bis(sulfosuccinimidyl)suberate has established that the number of apoA-I molecules in spherical (A-I)rHDL decreases from three to two per particle during incubation with CETP and IntralipidT (26) .
a Calculated from Stokes' diameters. b Calculated from particle stoichiometries, assuming surface areas of 1.27 nm 2 /phospholipid molecule and 0.15 nm 2 /amino acid residue. c Determined by cross-linking.
